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or
AICAR
6 is a natural metabolite that can be taken up by nucleoside transporters in human cells (1) and has multiple promising pharmacological properties (2) . Indeed, AICAR has proved in vivo anti-tumor effects in xenograft models (3) (4) (5) . It is currently under clinical trial phase I/II to treat patients with chronic lymphocytic leukemia and has shown good safety and tolerability properties, although some side effects have been reported (6) . Most of the described AICAR effects require its metabolic conversion to the monophosphate form ZMP by adenosine kinase (2) . As an intermediate of the purine de novo pathway, ZMP is naturally present in cells at low concentration (7) . ZMP and its precursor SZMP are important regulatory molecules that promote interactions between specific transcription factors and thereby directly couple the flux in the purine de novo pathway to transcription of the genes encoding the corresponding enzymes (8, 9) . In addition, ZMP co-regulates purine synthesis to phosphate utilization through its interaction with common transcription factors (10) . Strikingly, the regulatory role of ZMP is conserved in bacteria, although the riboswitch mechanism involved is totally different (11) . Although under physiological conditions ZMP is present in the micromolar range (7) , upon feeding of the riboside precursor AICAR, ZMP concentration can increase to milli molar levels (1) , and, as a result, AICAR displayed cytotoxicity in yeast and mammalian cells (2) , although the exact mechanisms involved are not known. The best documented pharmacological effect of ZMP is activation of the low-energy sensor AMP-activated protein kinase (AMPK) (12, 13) . This well-characterized effect was attributed to the AMP-mimetic properties of ZMP (14) because of the structural similarity of these nucleotides (see Fig. 1A ). However, the anti-proliferative effects of AICAR were shown to be largely AMPK-independent (1, 15) , thus implying that other critical ZMP targets exist in the cell that have not yet been identified.
Characterization of yeast mutants hypersensitive to AICAR revealed its uptake by the nicotinamide riboside transporter Nrt1 (see Fig. 1B ) (1) and gave the first clues on the molecular basis of AICAR toxicity. Indeed, this approach established AICAR transport, ATP homeostasis, histone methylation, and ubiquitin metabolism as critical mechanisms underlying AICAR sensitivity (1, 16 -18) . Importantly, some of these mechanisms are conserved from yeast to human cells (16, 17) . However, in these chemogenetic studies based on synthetic lethality, neither the toxic derivative of AICAR nor its protein target(s) were identified. Aiming to unveil the identity of the toxic derivative, our previous work established that intracellular AICAR and its succinyl-derivative SAICAR, which are the riboside forms of ZMP and SZMP, respectively, were not toxic for yeast cells (7) . This situation is reminiscent of what happens in mammalian cells, in which the vast majority of AICAR effects are abolished by adenosine kinase inhibitors that block ZMP synthesis (19) . Thus, for both yeast and mammalian cells, it was concluded that AICAR riboside had to be metabolically converted to the monophosphate form to become pharmacologically active and cytotoxic. Understanding how small molecules promote cytotoxicity is a complex task because small molecules are frequently metabolized to derivatives that may affect more than one biological process through interaction with multiple targets. This led us to ask two essential questions. First, is it ZMP itself and/or derived metabolites that are the toxic species? Second, which proteins are affected by the toxic metabolite?
In this work, we addressed these questions by combining yeast genetics, metabolic profiling, and proteomics to substantiate the assumption that ZMP itself is the toxic compound for yeast cells. Based on this result, we detected multiple ZMPbinding proteins and identified nuclear trafficking as one of the key functions affected by AICAR.
Results

AICAR treatment results in accumulation of ZMP, SZMP, and ZTP
Effects of AICAR feeding on yeast cells were evaluated by metabolic profiling of an ade16 ade17 ade8 his1 strain that is unable to metabolize ZMP to IMP (20) (Fig. 1B) . As previously reported (1), in this genetic background, AICAR treatment caused massive ZMP accumulation (Fig. 1C) . In addition, metabolic profile analysis revealed that AICAR treatment resulted in accumulation of SZMP, as well as of SAICAR, its riboside form (Fig. 1C) . This is because in yeast, ZMP can be converted back to SZMP by adenylosuccinate lyase (Adsl), encoded by the ADE13 gene (21) (Fig. 1B) . In turn, SZMP is dephosphorylated to SAICAR, which is nontoxic even at very high concentrations in yeast (7) . We also observed that AICAR feeding led to accumulation of the triphosphate form, ZTP, whereas the diphosphate form ZDP was not detected (Fig. 1C) . Finally, as expected, AICAR itself accumulated in yeast cells (Fig. 1C) , but intracellular accumulation of this compound was previously demonstrated to be nontoxic (7) .
Thus, AICAR treatment resulted in accumulation of ZMP, SZMP, and ZTP that could potentially affect cellular functions and result in toxicity. We thus used yeast genetics to identify the toxic derivative(s) of AICAR.
SZMP synthesis is not required for AICAR toxicity
We first asked whether SZMP could contribute to AICAR toxicity. The ade13 knockout mutation blocking SZMP synthesis from ZMP (Fig. 1B) was introduced in an ade16 ade17 ade8 his1 strain, and the resulting quintuple mutant strain was found to be highly sensitive to AICAR ( Fig. 2A) . As expected, the ade13 mutation abolished SZMP accumulation, whereas intracellular ZMP was higher than in the control strain (Fig. 2, B  and C) . We conclude that AICAR toxicity was not due to SZMP synthesis from ZMP but correlated with intracellular ZMP accumulation. These conclusions were strongly supported by analysis of a fumarase knockout mutant fum1, which accumulates fumarate (Fig. 2D) and thereby favors the reverse reaction from ZMP to SZMP by adenylosuccinate lyase Adsl (Ade13) (Fig. 1B) , leading to increased SZMP and decreased ZMP levels (Fig. 2, E and F) . In the corresponding mutant strain (fum1 ade16 ade17 ade8 his1), AICAR toxicity was abolished (Fig.  2G) . From these results, we conclude that, in yeast, SZMP is not the metabolite that causes AICAR toxicity, but synthesis of SZMP rather contributes to its detoxification.
ZDP and ZTP are not toxic for yeast cells
To get a deeper insight into the mechanisms leading to AICAR toxicity, we performed an unbiased search for genes that suppress AICAR toxicity when overexpressed. A yeast AICAR monophosphate toxicity genomic library carried on a multicopy vector was used to search for gene dosage suppressors of AICAR sensitivity in a yeast strain that can accumulate ZMP and derivatives when the riboside is provided (see "Experimental procedures" for details). The suppressor plasmids all carried an overlapping DNA region of chromosome XI containing four genes: two genes of unknown function (YKL023C-A and YKL023W), PAN3 encoding a subunit of the Pan2p-Pan3p poly(A)-RNase complex, and URA6, an essential gene encoding UMP kinase, which was reported to have significant AMP kinase activity (22) . Of note, URA6 was previously identified as a suppressor of AICAR sensitivity hypomorphic allele of UBA1 but was not further characterized (18) . Because ZMP is structurally close to AMP (Fig. 1A) , we hypothesized that Ura6 could phosphorylate ZMP and thereby improve growth upon AICAR feeding. Indeed, overexpression of URA6 alone was sufficient to confer robust resistance to AICAR similarly to the initial suppressor plasmid (Fig. 3A) . Metabolic profiling on yeast cells grown in the presence of AICAR revealed that overexpression of URA6 resulted in accumulation of ZDP and ZTP, both of which are hardly detectable in the control strain (Fig. 3, B and C) . Noticeably, in the AICAR-resistant strain overexpressing URA6, ZMP was lower (Fig. 3D) , whereas both ZDP and ZTP levels were higher than in the AICAR-sensitive control strain (Fig. 3, B and  C) . We conclude that ZMP, rather than its di-or triphosphate derivatives, is the toxic metabolite derived from AICAR. Accordingly, AICAR feeding had no effect on mutation rates in yeast (Fig. S1A ) even under conditions (URA6 overexpression) resulting in high ZTP levels (Fig. S1B) . Similarly, AICAR feeding did not affect other aspects of DNA metabolism such as mitotic recombination rate (Fig. S2 ) or telomere length (Fig.  S3) . Together, these results establish that AICAR toxicity is not associated with ZTP synthesis.
Notably, recombinant yeast Ura6 purified from Escherichia coli (Fig. 3E ) could synthesize ZDP, but not ZTP, from ZMP in vitro (Fig. 3, F-H) , as expected for a nucleoside monophosphate kinase. However, both ZTP and ZDP were found as reaction products when the reaction was run with total extracts from URA6-expressing bacteria (Fig. 3, G and  H) . Altogether, these results show that Ura6 can synthesize ZDP from ZMP and that another enzyme(s) can further phosphorylate it to ZTP in both yeast and bacteria. We established that yeast NDP-kinase Ynk1 was not required because ynk1 knockout had no effect on ZTP production (Fig. S4 ). Of note, purified yeast adenylate kinase Adk1, which was not found in the gene-dosage suppressor screening had no detectable ZMP-kinase activity in vitro.
Thus, our genetic and biochemical experiments in yeast demonstrate that ZMP, rather than SZMP, ZDP, or ZTP, is the toxic molecule derived from AICAR. The question arising then was: why is ZMP toxic?
Proteome-wide identification of ZMP binders
To identify potential effectors of ZMP toxicity, we isolated yeast proteins that interact with ZMP by an affinity chromatography approach (for details, see "Experimental procedures" and Ref. 10 ). Whole-cell protein extracts from six independent cultures were loaded on a ZMP-Sepharose resin. The eluted proteins (herein called ZMP binders) were identified by MS. A total of 74 proteins, representing ϳ1.1% of the yeast proteome, were identified by at least two different peptides in at least four of six experiments ( Fig. 4A and Table S1 ). Among them was the enzyme adenylosuccinate lyase (Ade13), a known ZMP binder (10), synthesizing ZMP from SZMP. However, identification of ZMP binders by this approach was not exhaustive because other ZMP-metaboliz- 
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ing enzymes (Ade16, Ade17, or Ura6) or previously identified binders (Pho2 or Pho4 (10)) were not found. Most interestingly, the ubiquitin-activating enzyme Uba1 was found as a ZMP binder, suggesting that it could be a direct target for ZMP and account for reported chemo-genetic effects of AICAR on the ubiquitin pathway (18) . Analysis of the biological processes (Gene Ontology (GO) terms), associated with the proteins retained on the ZMP resin, showed a strong enrichment in purine nucleotide binding, unfolded protein binding, and translation factor activity (Fig. 4B ). The best score was for "purine nucleotide binding" (p value 2.7 ϫ 10 Ϫ9 ), thus validating the affinity chromatography approach because ZMP is a precursor of purine nucleotides.
To evaluate the specificity of ZMP-binding proteins, a similar approach was applied to closely related molecules, namely AMP, SZMP, and AICAR. A list of proteins retained on AMP, The ade3 ade16 ade17 ade8 his1 strain (Y8908) was transformed with either the suppressor plasmid isolated during the genetic screen (suppressor, P4979), a plasmid overexpressing URA6 gene (P4919), or the cognate empty vector as control (control; YEplac195). Transformants were grown overnight, serially diluted, and spotted on SDCasaWA medium containing, or lacking, AICAR. The plates were imaged after 2 days at 30°C. B-D, effect of URA6 overexpression (p4919) on relative content of AICAR derivatives in the ade3 ade8 ade16 ade17 his1 strain (Y8908). Quantifications of metabolites were obtained from four independent extractions for each condition on strains grown in SDcasaWA medium for 24 h in the presence of 0.5 mM AICAR. Standard deviations are presented. Statistics correspond to Welch's t tests. ***, p Ͻ 0.001; ****, p Ͻ 0.0001. E-H, purified Ura6 (E) catalyzes ZDP, but not ZTP, synthesis in vitro. F-H, ZMP, ZDP, and ZTP were measured after a 15-min incubation at 30°C with ZMP (1 mM) and ATP (2 mM) and His 6 -Ura6 either in total protein bacterial (Bact.) extracts or purified (E). Metabolite amounts were set at 1 for the amounts measured with bacterial extracts containing the empty vector (control). Errors correspond to standard deviation obtained from six independent measurements.
SZMP, and AICAR resins is presented in Table S1 , revealing enrichment for specific functions. The best scores for SZMP and AICAR corresponded to "structural constituent of the ribosome," whereas for AMP it was "nucleotide binding" (Fig.  S5) . Among the 74 ZMP binders, 30 bound at least another compound tested (Fig. 4A) . Interestingly, only eight proteins were found exclusively on ZMP and AMP columns, a binding pattern that would be expected for proteins echoing the AMPmimetic effects of ZMP described for AMPK. Of note, the ␥ subunit of yeast AMPK (Snf4) was not retained on the columns as expected because yeast AMPK was found to be activated by ADP rather than AMP (23) . Accordingly, a snf4 mutant did not show altered AICAR sensitivity (Fig. S6) . Among the 74 ZMP binders, 44 were exclusive ZMP binders, strongly suggesting that ZMP effects are most likely not restricted to AMP mimicry.
Overexpression of ZMP binders reveals nuclear trafficking as a function affected by AICAR
We reasoned that the most likely effectors of ZMP toxicity in vivo are proteins that bind ZMP (and also possibly AMP) but not the nontoxic derivatives SZMP and AICAR. The genes encoding 44 such yeast proteins (highlighted in yellow in Fig.  4A ) were overexpressed from multicopy plasmids, and their ability to affect resistance to AICAR in yeast cells was evaluated. These 44 proteins comprised 36 of the 44 exclusive ZMP binders, and all the 8 AMP/ZMP exclusive binders. Overexpression of most of these genes, including UBA1, had no or little effect (Fig. S7 ), but overexpression of KAP123 clearly improved the ability to grow in the presence of AICAR, as URA6 did (Fig. 5A) . However, in contrast to URA6, overexpression of KAP123 did Table S1 . Genes highlighted in yellow were overexpressed, and their effects on AICAR sensitivity are shown in Fig. S7 . B, biological process GO terms enrichment analysis for the 74 ZMP binders (http://www.geneontology.org/; please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site) (34, 35) . 
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not lower intracellular ZMP (Fig. 5B) , as expected for a ZMP target.
We then confirmed the binding to ZMP of Kap123 (but also Uba1; see "Proteome-wide identification of ZMP binders"), using epitope-tagged versions of the proteins. Indeed, both Kap123 and Uba1 proteins were retained on the ZMP resin, but not on the AMP resin, as revealed by Western blotting analysis (Fig. 5C) . In this experiment, Ade13 (adenylosuccinate lyase) and Apt1 (adenine phosphoribosyltransferase), for which ZMP and AMP are the corresponding reaction products, were used as positive controls for the ZMP and AMP resin, respectively (Fig. 5C ). Aah1 (adenine deaminase) was used as a negative control for both resins (Fig. 5C) .
Because Kap123 is an importin mediating the nuclear trafficking of several cargoes, including ribosomal proteins (24), we hypothesized that ZMP could affect nuclear transport. We first monitored nuclear localization of the Rpl25-NLS-GFP fusion (ribosomal 60S subunit protein L25 fused to green fluorescent protein via a nuclear localization signal), which is fully dependent on Kap123 (24) . We found that it was not affected by AICAR (Fig. S8) , indicating that AICAR does not primarily act through inhibition of Kap123, although overexpression of Kap123 can clearly bypass defects associated with AICAR treatment. The effect of AICAR on nuclear trafficking was then directly and globally assayed by comparing protein composition of nuclei-enriched extracts from yeast treated or not treated with AICAR by label-free quantitative analysis. Strikingly, 57 proteins were significantly less abundant (at least 2-fold) in the nuclei-enriched fraction following AICAR treatment (Fig. 6A and Table S2 ). Among these 57 proteins, 17 (highlighted in yellow in Table S2 ) were also detected in whole cell protein extracts by quantitative MS, and in all cases their abundance was not significantly changed in response to AICAR. We conclude that AICAR affects their nuclear localization rather than their overall abundance. GOterm analysis revealed that, among these 57 proteins, nuclear components and nuclear functions such as chromatin assembly and organization, rRNA metabolism, or transcription, were most significantly over-represented (Table S3) .
A parallel analysis, performed on yeast cells grown in the presence of AICAR and overexpressing or not KAP123, revealed 92 proteins that were significantly more abundant in the nuclei-enriched fraction when KAP123 was overexpressed (Table S4 ). Among those, proteins involved in chromatin and transcription-related processes were very significantly over-represented (Table S5 ). Most conspicuously, 15 proteins, less abundant in the nuclei-enriched fraction following AICAR treatment, were "restored" when KAP123 was overexpressed (Fig. 6B ). This overlap is statistically highly significant (hypergeometric distribution: p ϭ 2.16 ϫ 10 Ϫ5 ), pointing to a strong functional connection between AICAR feeding and KAP123 overexpression. Again, proteins involved in chromatin organization and transcription were overrepresented among these 15 proteins (Fig. 6C ). This result shows that KAP123 overexpression can compensate for some of the effects that AICAR exerts on nuclear traffic and could in this way contribute to the suppression of AICAR-induced phenotypic effects. Taken together, these results reveal nuclear trafficking as a critical cellular function that is altered by AICAR and point to Kap123 as an important, although nonexclusive, effector protein.
Specificity of KAP123 and URA6 as dosage suppressors
In previous work, we identified several mutants that showed high sensitivity to AICAR because of increased uptake and accumulation (thi3, pdc2, and thi80 mutant strains) (1); impaired purine metabolism (aah1, ade13, and hpt1) (17) ; or interference with cell cycle progression (bre1, rad6, set1, and swd1) (16) . Representative mutants among those were assayed to establish whether they could be phenotypically suppressed by URA6 or KAP123 overexpression. In fact, URA6 overexpression efficiently suppressed AICAR sensitivity of the set1 and thi3 mutants (Fig. 7, A and B) and had a weaker but reproducible effect on the aah1 mutant (Fig. 7C) . By contrast, overexpression of KAP123 only rescued AICAR sensitivity of the set1 mutant (Fig. 7A) and not that of other mutants such as thi3 or aah1 (Fig. 7, B and C) , indicating that increased sensitivity of the various mutants has distinct causes. Consistent with our previous findings (16) , other mutants in the set1 pathway (bre1, swd1, and swd3) were also suppressed by KAP123 overexpression (Fig. S9) . Overall, these results point to a central role for nuclear trafficking in AICAR sensitivity of yeast mutants affecting cell-cycle progression.
Discussion
The purine biosynthesis metabolic intermediate ZMP is naturally present in eukaryotic cells at low concentration. It can Tables S3 and S4 . B, list of the 15 common proteins in the Venn diagram presented in Fig. 6A . C, GO term analysis (http://www.geneontology.org/; please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site) (34, 35) 8 for the 15 proteins listed in Fig. 6B .
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accumulate when its riboside precursor AICAR is provided to the cell, but also in several metabolic diseases. Indeed, ZMP as well as ZDP and ZTP were found at very high concentrations (ZTP reaching even higher levels than ATP) in red blood cells of an AICAR transformylase IMP-cyclohydrolase-deficient patient lacking the enzyme that catalyzes the last two steps of the purine biosynthesis pathway (25) and was the best marker for hypoxanthine-guanine phospho-ribosyl-transferase deficiency in a large cohort of Lesch-Nyhan syndrome patients (26) . The precise role of ZMP in the etiology of these diseases is unclear but should be addressed in connection with the fact that treating eukaryotic cells with AICAR at high concentration is toxic. In many studies, it was shown that the riboside precursor of ZMP had no biological effects, suggesting that ZMP itself, or a derivative, is the active compound. In our study, taking advantage of the power of yeast genetics, we established that AICAR toxicity tightly correlates with ZMP accumulation; lowering ZMP accumulation by stimulating its conversion to SZMP, ZDP, or ZTP derivatives decreased toxicity of the prodrug AICAR. Thus, increasing the levels of intracellular ZTP did not enhance toxicity of AICAR but rather decreased it. This suggests that AICAR toxicity is not due to massive incorporation of AICAR-nucleotides into nucleic acids. Accordingly, we found no effect of AICAR on mutation or recombination rate, as well as telomere length. These results are consistent with those obtained in previous work showing that yeast mutants displaying increased AICAR uptake became hypersensitive to this compound and that the sensitivity was associated with a 10-fold increase of the monophosphate (ZMP) concentration (1), whereas the di-and triphosphate forms (ZDP and ZTP) were hardly detectable. 7 Altogether, these results reveal ZMP as the toxic compound in yeast cells treated with the prodrug AICAR.
Affinity chromatography allowed us to identify a spectrum of AMP-and ZMP-binding proteins from yeast, thus providing a new resource of nucleotide-binding proteins. Only 20 of the 81 AMP binders and 74 ZMP binders were retained on both AMP and ZMP resins, indicating that not all AMP binders are able to efficiently bind ZMP despite its well-established AMP-mimetic role best exemplified as an effector molecule acting on mammalian AMP-activated kinase (14) . Symmetrically, most ZMP binders were not identified as AMP binders. Why do these proteins bind ZMP? It is possible that some of the identified proteins physiologically bind ZMP, as Ade13 does? It could also be that ZMP binding imitates physiological interaction of these proteins with another nucleotide. In any case, our results strongly suggest that some of the AICAR effects are not due to AMP-mimetic interactions of ZMP with target proteins. Thus, our data support the view that the toxic effects of ZMP are not due to its AMP-mimetic properties.
Overexpression of KAP123, which has been identified as an "exclusive ZMP binder," significantly improved AICAR resistance, and this effect was enhanced in bre1, set1, swd1, and swd3 AICAR-sensitive mutants affecting histone methylation. Kap123 is a karyopherin-␤ involved in the nuclear entry of multiple proteins including ribosomal proteins and histones (24, 27) . Strikingly, Srm1, the guanyl-nucleotide exchange factor for yeast Ran Gsp1p, was among the 57 proteins for which nuclear localization was impaired by AICAR. This protein, homologous to human RCC1, is critical for nuclear trafficking, and its mislocalization upon AICAR treatment could, in a cascading effect, contribute to mislocalization of several other proteins. Thus, these results point to AICAR affecting nuclear trafficking in a way that is at least partly Kap123-dependent.
Suppression of bre1, set1, and swd1 by Kap123 overexpression confirmed that nuclear trafficking contributes to the chemo-genetic effect of AICAR in several histone modification mutants, as proposed previously (16) . It should be stressed that KAP123 overexpression only partially suppressed AICAR sensitivity and was not a suppressor of all AICAR-sensitive mutants (Fig. 7) , implying that some AICAR effects most probably involve targets other than Kap123. Indeed, we had previously identified the ubiquitin pathway as an important target for ZMP toxicity (18) , and remarkably, unfolded protein binding was the second enriched GO term among the ZMP binders (Fig. 4) . In this work, Uba1, the ubiquitin-activating enzyme at the apex of the ubiquitin pathway, was identified as a ZMP binder, suggesting that it could be a direct target of ZMP. However, overexpression of UBA1 alone was not sufficient to increase the ability of yeast cells to cope with AICAR (Fig. S7) , revealing a rather complex situation, as previously highlighted by our genetic analyses (18) . Even at the level of nuclear trafficking, our finding of a partial overlap between KAP123 over- 
expression and AICAR effect on nuclear protein content suggests a complex interplay between ZMP and the nuclear trafficking machinery involving additional players. One such candidate is Yrb1, a Ran GTPase-binding protein involved in nuclear protein trafficking that was identified as one of the ZMP-specific binders in this work. However, overexpression of YRB1 had no major effect on growth in the presence of AICAR (Fig. S7) .
This study illustrates that a molecule with anti-proliferative properties interacts with multiple proteins and, even on a single process such as nuclear trafficking, most probably acts through more than one effector. The polypharmacology paradigm proposed 10 years ago (28) underlines how combined effects of a drug on multiple targets can bypass phenotypic robustness while limiting toxicity. Importantly, acadesine (AICAR) was well-tolerated in clinical trials (6) and was found pharmacologically active in several animal-model studies (3-5, 15, 29) . Understanding the diverse molecular bases of AICAR effects will give clues to its beneficial and adverse effects and could permit synthetic-lethality predictions, smart development of derived compounds, and drug repurposing (30) .
Experimental procedures
Yeast media, yeast strains, and plasmids SD is a synthetic minimal medium containing 0.5% ammonium sulfate, 0.17% yeast nitrogen base (BD-Difco, Franklin Lakes, NJ), 2% glucose. SDcasaW is SD medium supplemented with 0.2% casamino acids (catalog no. 233520; BD-Difco) and tryptophan (0.2 mM). When indicated, adenine (0.3 mM), hypoxanthine (0.3 mM), and/or uracil (0.3 mM) were added in SDcasaW medium, resulting in media termed SDcasaWA (ϩ adenine), SDcasaWHypox (ϩ hypoxanthine), SDcasaWU (ϩ uracil), and SDcasaWAU (ϩ adenine ϩ uracil). Yeast strains are listed in Table S6 and belong to, or are derived from, a set of knockout mutant strains isogenic to BY4742 purchased from Euroscarf (Frankfurt, Germany). Multimutant strains were obtained by crossing, sporulation, and micromanipulation of meiosis progeny. The plasmids used in this study are described in Table S7 . Cloning details for the unpublished plasmids are available upon request.
Yeast growth test
Yeast cells were resuspended in sterile water to 2 ϫ 10 7 cells/ml and subjected to 1/10 serial dilutions. Drops (5 l) of each dilution were spotted on freshly prepared plates and were incubated at indicated temperature for 48 -72 h.
Isolation of multicopy suppressors of AICAR toxicity
To obtain multicopy suppressors of AICAR toxicity, an ade3 ade16 ade17 ade8 his1 strain (Y8908) was used because in such a strain both ade3 and ade16 ade17 mutations block AICAR transformylase IMP-cyclohydrolase activity and therefore neither ADE3, ADE16, nor ADE17 can be selected as a suppressor. This strain was transformed with a multicopy plasmid library (PFL44L backbone, generous gift from F. Lacroute), and transformants were selected on SDcasaWA medium after 48 h of incubation at 30°C. The colonies were then transferred by replica plating on the same medium containing 5 mM AICAR and grown for 48 h at 37°C. This screening temperature was chosen because in previous work we noticed that addition of AICAR was much more toxic for yeast cells at 37°C than at 30°C (1). Multicopy plasmids were extracted from six clones able to grow in the presence of AICAR and were sequenced. These plasmids contained a DNA fragment from the same region of chromosome 11. The plasmid (p4979) containing the 4.6-kbp fragment with chromosome coordinates 390,252-394,835 bp was further studied (see "Results").
Metabolite extraction from yeast cells and separation by LC
Extraction of metabolites was performed in an ethanol with 10 mM HEPES, pH 7.2 (3/1), solution for 3 min at 80°C for yeast as described (1) . The extracts were then evaporated using a rotary evaporator (8 min, 65°C), and the dried residues were resuspended in MilliQ water. Insoluble particles were removed by centrifugation (21,000 ϫ g, 4°C; 1 h). Metabolites were then separated on an ICS3000 chromatography station (Dionex, Sunnyvale, CA) using a carbopac PA1 column (250 ϫ 2 mm; catalog no. 057178; Thermo Fisher Scientific) with a 0.25 ml/min flow rate. Elution of metabolites was achieved with a sodium acetate gradient in 50 mM NaOH as follows: elution was started at 50 mM sodium acetate for 2 min, rising up to 75 mM in 8 min, then to 100 mM in 25 min, and finally to 350 mM in 30 min, followed by a step at 350 mM for 5 min, rising to 500 mM in 10 min, and being kept at this sodium acetate concentration for 5 min, and finally raised to 800 mM within 10 min followed by a step at this concentration for 20 min. The resin was then equilibrated at 50 mM sodium acetate for 15 min before injection of a new sample. The peaks were identified by their retention time and their UV spectrum signature (Diode Array Detector Ultimate 3000 RS; Dionex), and when necessary by co-injection with standards. For each strain analyzed, normalization to cellular volume was done with a Multisizer 4 (Beckman Coulter). Peak quantifications were done at the following wavelengths: 230 nm for fumarate, 260 nm for ATP, and 269 nm for AICAR, SAICAR, ZMP, and SZMP. All metabolite extractions were performed on at least three to six independent yeast cell cultures.
Affinity chromatography
ZMP-binding proteins were identified by affinity chromatography using the ZMP-Sepharose resin described previously (10) . Protein extracts were prepared from the BY4742 WT strain as described (10) , except that elution of the ZMP binders was performed with ZMP (5 mM; catalog no. A611705; Toronto Research Chemicals) in buffer A (Na 2 HPO 4 /HCl, pH 7.2, 10 mM NaCl). Elution fractions were concentrated on a Nanosep 10K Omega filter, and protein concentration was measured. The ZMP binders were then identified using MS according to the procedure described in protein identification by LC-MS/MS and database search and results processing sections. A stringent cutoff was then applied, retaining only proteins identified with at least two peptides, and found at least four times in six independent experiments (Table S1 ). The ability of proteins to bind AMP, SZMP, or AICAR was also assayed using either a commercial AMP-agarose resin (catalog no. A1271; Merck) or SZMP-and AICAR-resins prepared as described for the ZMP resin (10) . In each case, elution of interacting proteins was performed with 5 mM of the corresponding metabolite (AMP (catalog no. A1752; Merck), SZMP (lab collection, (8)), or AICAR (catalog no. A611700; Toronto Research Chemicals)) dissolved in buffer A.
Immunoblot
Western blots were hybridized with the following antibodies: anti-Myc (1/5,000; catalog no. MMS-150R; Covance), anti-Ade13 (1/15,000 (8)), anti-HA (1/10,000, catalog no. H9658; Sigma-Aldrich), and anti-Aah1 (1/10,000 (31)).
Protein identification by LC-MS/MS
Concentrated proteins from each affinity-chromatography elution fractions were solubilized in Laemmli sample buffer and subjected to SDS-PAGE to evaluate concentration and for cleaning purposes. After entering the resolving gel, separation was stopped. Following colloidal blue staining, the bands were cut out from the SDS-PAGE gel and subsequently cut into 1 ϫ 1 mm gel pieces. Gel pieces were destained in 25 mmol/liter ammonium bicarbonate 50% (w/v), rinsed twice in ultrapure water, and shrunk in acetonitrile for 10 min. After acetonitrile removal, gel pieces were dried at room temperature, covered with trypsin solution (10 ng/l in 40 mM NH 4 HCO 3 and 10% acetonitrile), rehydrated at 4°C for 10 min, and finally incubated overnight at 37°C. Gel pieces were then incubated for 15 min in 40 mM NH 4 HCO 3 and 10% acetonitrile at room temperature on a rotary shaker. The supernatant was collected, and an extraction solution (H 2 O, acetonitrile, HCOOH (47.5/47.5/5)) was added to the gel slices for 15 min. This extraction step was repeated twice. Supernatants were pooled and concentrated with a vacuum centrifuge to a final volume of 25 l. Digests were finally acidified by addition of 1.5 l of formic acid (5%, v/v) and stored at Ϫ20°C. The peptide mixture was analyzed on an Ultimate 3000 nano-LC system (Dionex) coupled to either a LTQ, a LTQ-Orbitrap XL, or a Q-Exactive mass spectrometer (ThermoFinnigan, San Jose, CA). In all cases, 10 l of peptide digests were loaded onto a C18 PepMap TM trap column (300-m; 5-mm LC Packings) at a 30 l/min flow rate. Peptides were eluted from the trap column and then loaded onto an analytical C18 Pep-Map column (75 mm ϫ 15 cm; LC Packings) for 105 min with a 5-40% linear gradient of 80% acetonitrile with 0.1% formic acid in 5% acetonitrile with 0.1% formic acid at a 200 nl/min flow rate. The mass spectrometer operated in positive ion mode at a 1.8 -2-kV needle voltage. Mass spectrometry acquisition parameters are given in Table S8 .
Nuclei-enriched fractions preparation and label-free quantitative data analysis
Yeast cells (ade16 ade17 ade8 his1; Y8480) were transformed by the plasmid allowing KAP123 overexpression or by the cognate empty vector serving as negative control. Transformants exponentially grown in SDcasaWA were treated with 0 or 1 mM AICAR for 2 h. The cells were collected and used to prepare total protein extracts and in parallel to perform nuclei enrichment with a commercial kit (Abnova catalog no. KA3951). For each condition, the experiments were done in triplicate with samples obtained from independent cultures. LC-MS/MS data were acquired on a Q-Exactive mass spectrometer as described above and were subsequently imported in Progenesis LC-MS 4.0 (Non Linear Dynamics). Data processing included the following steps: (i) features detection, (ii) features alignment across the LC-MS/MS runs, (iii) volume integration for 2-6 charge-state ions, (iv) normalization on feature median ratio, (v) import of sequence information, (vi) analysis of variance test at peptide level and filtering for features (p Ͻ 0.05), (vii) calculation of protein abundance (sum of the volume of corresponding peptides), and (viii) analysis of variance test at protein level and filtering for features (p Ͻ 0.05). Proteins were grouped according to the parsimony principle so as to establish the minimal protein list covering all detected peptides. Noticeably, only nonconflicting features and unique peptides were considered for calculation at protein level. Quantitative data were considered for proteins quantified by a minimum of two peptides.
Database search and processing of proteomic results
The data were searched by SEQUEST through Proteome Discoverer 1.4 (Thermo Fisher Scientific Inc.) against the Saccharomyces cerevisiae Reference Proteome Set (Uniprot 2015-05; 6636 entries). Spectra from peptides higher than 5,000 Da or lower than 350 Da were rejected. The search parameters were as follows: mass accuracy of the monoisotopic peptide precursor and peptide fragments were as described in Table S8 . Only b-and y-ions were considered for mass calculation. Oxidation of methionine (ϩ16 Da) was considered as variable modification. Two missed trypsin cleavages were allowed. Peptide validation was performed using Percolator algorithm (32) , and only "high confidence" peptides were retained corresponding to a 1% false positive rate at peptide level. Data for the affinitychromatography and label-free quantitative proteomics were deposited and are available in PRIDE at the following links: identification of the S. cerevisiae ZMP binders (project accession number PXD007780) and effect of acadesine and overexpression of the karyopherin Kap123 on nuclear abundance of yeast proteins (project accession number PXD007779).
His 6 -Ura6 protein expression and purification
The His 6 -Ura6 protein was expressed in BL21 C41(DE3)-pLysS bacteria (33) by transformation of the URA6-HIS6 plasmid (p5334). Transformants were grown overnight in LB medium ϩ ampicillin, diluted in 500 ml of the same medium to A 600 nm ϭ 0.005 and grown for 4 h at 30°C before isopropyl ␤-D-1-thiogalactopyranoside addition (2 mM). The cells were harvested by centrifugation (5,000 ϫ g for 10 min at 4°C) after 2 h 30 min at 30°C, and the cell pellet was washed with 50 mM Tris-HCl, pH 7, 0.15 M KCl and frozen at Ϫ80°C. The pellet was resuspended in 50 mM Tris-HCl, pH 7, 0.1 M KCl, 1 mM EDTA, 1 mM DTT containing a tablet of protease/phosphatase inhibitor (buffer B). The cells were disrupted by four cycles of 1 min sonication on ice, and the suspension was clarified by centrifugation (21,000 ϫ g) for 30 min at 4°C. The supernatant was dialyzed twice against buffer B without EDTA (buffer C) containing 10 mM imidazole and then loaded onto 1.5 ml of nickelnitrilotriacetic acid resin (Qiagen). The resin was washed with 15 volumes of Buffer C containing 50 mM imidazole, and puri-AICAR monophosphate toxicity fied His 6 -Ura6 protein was then eluted with 250 mM imidazole in buffer C. The purified His 6 -Ura6 protein was concentrated (0.7 ml at 10 mg/ml), aliquoted and frozen at Ϫ80°C.
Ura6 enzymatic activity
Ura6 enzymatic activity was measured on both total protein extracts from bacteria (containing the His 6 -Ura6 expressing plasmid (p5334) or the empty vector (pET15b; catalog no. 69661-3; Merck-Novagen)) and on the purified protein. In each case, measurements were carried out using initial rate conditions that were stable for at least 30 min at 30°C. Enzymatic measurements were performed in 100 mM Tris-HCl, pH 7.5 buffer containing 100 mM KCl, 5 mM MgCl 2 , 2 mM ATP, and 1 mM ZMP. The reactions were started by addition of either the purified protein (at 1 g/ml in enzymatic assay) or the total protein extracts from bacteria expressing or not His 6 -Ura6 (each at final concentration of 100 g/ml in enzymatic assays). All enzymatic reactions were stopped by boiling (3 min at 80°C) a 100-l aliquot of the reaction mix in 900 l of ethanol, 10 mM HEPES, pH 7 (4/1 v/v). Quantification of the reaction product(s) was done by LC under conditions described for intracellular metabolites determination. ZDP and ZTP standard solutions used for quantification were purchased from Jena Biosciences (catalog nos. NU-1167 and NU-1166, respectively).
Quantification and statistical analysis
All tests for significance were according to Welch's unpaired t tests, assuming bilateral distribution and unequal variances, by comparison with the relevant control as specified in legends of the figures and supplemental figures Experiments were in each case performed on at least three biologically independent samples (n Ն 3), as detailed in each figure legend. Significance was defined by p values and indicated as *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001; NS, nonsignificant (p Ͼ 0.05).
